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Introduction
This study examines the role that forestry may play in the context of atmospheric CO 2 stabilization.
There is widespread research suggesting that biological sequestration of carbon can play an important role for reducing greenhouse gases emissions through activities such as slowing the rate of deforestation, increasing the establishment of forests on old agricultural or degraded lands, and improving the management of existing and future timber (see, for example, Metz et al., 2001) . Estimates of the range of potential costs of sequestration are fairly wide (Richard and Stokes, 2004) , but there is also general consensus that forest sinks can be a valuable mitigation option. However, the nations of the Kyoto Protocol have thus far only haltingly incorporated forestry measures, and the Kyoto process only recently (at the 11 th Conference of Parties in 2005) began considering how one of the measures with the largest potential, tropical forest conservation or prevention of deforestation (see at this purpose the proposal as in Moutinho et al., 2005) , could be included.
There are several explanations for the limited role that forestry has so far played in abatement strategies. First, error bounds for measuring and monitoring carbon in forests are fairly large in developed countries with well established measurement technologies (see Watson et al., 2001) . Errors in calculating carbon storage are likely to be larger in developing countries that have devoted fewer resources to conducting forest inventories. Second, many concerns have been raised about issues such as additionality and permanence. Unlike abatement of energy emissions, carbon stored in forests is subject to future emissions due to harvesting or other natural disturbances. Third, it is widely assumed that allowing forestry options would reduce incentives to develop important abatement technologies, and these technologies are ultimately necessary to achieve a stable, albeit changed, climate. The first two questions have been widely addressed in a range of publications, including those of the Intergovernmental Panel on Climate Change (see Watson et al., 2000; Metz et al., 2001 ). However, no one has yet quantified the implications of a forest carbon sequestration program on the innovation of energy abatement technologies.
Recent research indicates that global policies meant to stabilize greenhouse gas concentrations in the future will require a vast bundle of measures to meet ambitious targets (Pacala and Socolow, 2004) . Given the recent focus on stabilization policies and the apparent costs of achieving fairly stringent concentration targets, it is surprising that relatively few energy models have even incorporated forestry sequestration (see Rose et al., 2006) . Sohngen and Mendelsohn, 2003 , do link a forestry model to an aggregate global climate -economy model (DICE; Nordhaus and Boyer, 2000) , and their results suggest that forestry could provide nearly one-third of the world's carbon abatement over the coming century, but that study examined a fairly limited overall carbon abatement strategy, and it suggested that a large portion of the carbon sequestered in forests would occur in later in the century (thus having little impact on energy abatement). With more stringent policies carbon prices initially are expected to be higher, and forestry sequestration could have more important implications for the costs of the overall abatement program. Results show that forestry has important implications for the overall abatement strategy, and a profound effect on the carbon market (i.e. on the global costs of a climate policy). The numerical optimization estimates that forest sinks can contribute to 1/3 of total abatement by 2050 and decrease the price of carbon of 40% by 2050. This decisive reduction in the policy costs is mainly attained via avoiding deforestation in tropical forests in the first half of the century, though it could also be sustained in later periods by afforestation and enhanced forest management. The introduction of the forestry option is shown to have a visible influence on other abatement alternatives: in meeting a given policy target, forestry crowds out some abatement in the energy sector, so that for example improvements of the energy intensity of the economy are more modest in early periods. More importantly, policy induced technological change in clean technologies such as renewables power generation is also reduced. Although the postponement of technological advancement may be considered one reason to delay permanent emissions cuts, buying time with forestry appears to be an attractive mitigation option.
In order to produce results, the two world models are coupled via an iterative procedure that focuses on carbon quantities and prices. Various characteristics are at the basis of the originality of the present paper.
First, the model's dynamic specification of the economy and the detail of the energy sector allow us to assess the dynamic feedbacks on the economic system as well as the evolution of energy technologies. This enables us to integrate forest carbon sinks into the control problem of GHG mitigation, so that investments in final good, energy technologies, energy R&D, and forestry are optimally chosen. The energy sector description and the presence of endogenous technological change -a central feature for climate change modeling, see Goulder and Mathai,2000-puts us in the condition to assess how the inclusion of forestry incentives may affect induced technological change, an issue not yet investigated to our knowledge. Moreover, the intertemporal structure of the models is essential to understand the timing issue of the biological sequestration abatement option, which is a largely discussed one because of the non-permanence issue (managed forests do not sequester carbon permanently but release it back to the atmosphere if harvested).
Second, the regional disaggregation of both models allows us to account for distributional issues among countries (the so called "where" dimension), an issue that has proved particularly central in the policy debate surrounding the forestry abatement option. Last and not least, contrary to what current studies, by framing the analysis in a global mitigation policy context such as a 550 ppmv target, we are able to augment the cost-effectiveness literature introducing an additional measure designed to cover a stabilization wedge. The paper is as follows; next section introduces both models and defines the coupling procedure. In
Section 3 we present numerical results, and Section 4 concludes.
Models and coupling
In By playing an open-loop Nash game, the investment strategies are optimized by taking into account both economic and environmental externalities. In WITCH the energy sector has been detailed and allows a reasonable characterization of future energy and technological scenarios and an assessment of their compatibility with the goal of stabilizing greenhouse gases concentrations. Also, by endogenously modelling fuel (oil, coal, natural gas, uranium) prices, as well as the cost of storing the CO 2 captured, the model can be used to evaluate the implication of mitigation policies on the energy system in all its components. Finally, technical change in WITCH is endogenous and is driven both by Learning-by-Doing (LbD) and by energy R&D investments. These two factors of technological improvements act through two different channels: LbD is specific to the power generation costs, while R&D affects the non-electric sector and the overall system energy efficiency.
In this paper we focus on a stabilization policy of 550 ppmv. In order to do so, we perform a cost effectiveness analysis with a cap and trade policy instrument, and we set an equal per capita allocation system. We have an emission permit trading scheme that equalizes regional marginal abatement costs, creating a unique set of carbon prices. The model is solved to 2200 numerically in GAMS/CONOPT.
The Forestry Model
The forestry model is built upon the model described in Sohngen et al., 1999 , and used by Sohngen and Mendelsohn, 2003 , to analyze global sequestration potential. The model used in this analysis contains an expanded set of timber types, as described in Sohngen and Mendelsohn, 2006 One important component of the costs of producing timber and carbon are land rental costs. The model accounts for these costs by incorporating a series of land rental functions for each timber type. The rental functions account for land competition between forestry and agriculture, although they are not presently responsive to price changes in agriculture (see Sohngen and Mendelsohn, 2006 , for additional discussion of the land rental functions). Incentives for carbon sequestration are incorporated into the forestry model by renting carbon. The price of energy abatement is the value of sequestering and holding a ton of carbon permanently. The rental value for holding a ton of carbon for a year is determined as the path of current and future rental values on that ton that is consistent with the price of energy abatement currently.
One of the benefits of using the rental concept for carbon sequestration is that carbon temporarily stored can be paid while it is stored, with no payments accruing when it is no longer stored (i.e. if forest land is converted to agriculture, or if timber is harvested, leaving the forest in a temporarily low carbon state).
Furthermore, renting carbon does not penalize current forestland owners by charging them for emissions.
We do however, account for long term storage of carbon in wood products by paying the price of carbon for tons when they are stored permanently after harvest. For simplicity in this analysis, we assume that 30% of harvested wood is stored permanently, following Winjum et al., 1998 .
Coupling
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Given the complexities of the two models used in this paper, we have integrated them via an iterative procedure. In order to do so, we have augmented both models so that they could incorporate results from the other, and have run subsequent iterations until convergence, as measured by a sufficiently small rate of variation of carbon prices. We define this as being less than a 5% average deviation in prices and quantities from one scenario to the next. As expected, the initial high responses of both models -in terms of adjustments of carbon prices to the quantities sequestered in forests and vice versa-gradually shrink, and an equilibrium is achieved after 11 iterations. For prices, the average deviation is 3% whereas for quantities it is 4%. This way of interfacing two separate models is normally described as "soft-link", and has been extensively used to couple energy system models and economic models to account for the mutual interactions between the energy sector and the whole economy 1 .
To make the two models consistent, several additional adjustments were made. First, the different regions had to be matched. Coincidentally, the regional disaggregation is similar in the two cases -12 regions for the WITCH model, 13 for the forestry one-so that only minor adjustments were needed. Also, the 
Results
In this Section we report the numerical results of the contribution of forestry management in meeting a CO 2 (only) stabilization policy of 550 ppmv by 2100. To give the feeling of what such a policy entails in terms of global warming mitigation, in Figure 1 we show the time profile of carbon emissions for a Business as Usual (BaU) and a 550 ppmv policy resulting from using the WITCH with abatement only in the energy sector. In a no-policy scenario emissions grow to 20GtC by the end of the century, whereas for the 550 ppmv policy, emissions peak around 2050, falling by more than half after that with respect to BaU. The 550 ppmv policy reduces the carbon intensity in the economy considerably, and reduces the increase in global temperature by 2100 to 2.2 °C, from 2.9 °C in the BaU. Although this temperature is still higher than the IPCC advocated level of 2°C, we concentrate on this target given its relevance, especially in terms of political feasibility.
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We start by reporting the potential of forestry in contributing to the foreseen emission reductions, and then analyze the impacts on the carbon markets and the policy costs. Finally, we examine the retroactions on the energy abatement portfolio, with a particular look at the implications for induced technological change.
Sequestration in forests
Several studies in the forestry literature have estimated the sequestration potential for various given carbon prices, and most seem to agree that forestry can provide a significant share of abatement (Sedjo et al, 1995) .
As an example, it is worth remembering tropical deforestation is a major source of GHG emissions, accounting for as much as 25% of global anthropogenic GHG emissions (Houghton, 2005) . Table 2 ). The carbon incentives in the stabilization scenario would reduce these losses to around 5.9 million hectares per year during the first decade, and they would essentially halt net forest losses by 2022.
While developing policies to reduce deforestation efficiently would undoubtedly be a difficult task, these results suggest that the economic value of making these changes could be substantial.
The overall size of the carbon program increases over the century as carbon prices rise. It increases in both the OECD and the non-OECD regions, but the largest percentage gains occur in the OECD, where the annual carbon sink rises from 118 million t C/yr to 479 million t C/yr. In most non-OECD regions, the strength of the sink is actually declining because there are no longer opportunities to reduce deforestation, and forest growth on large areas of land that were reforested during the century is starting to slow. The one outlier is China, where sequestration expands. Sequestration dynamics in China tend to be more similar to OECD countries because it has large areas of temperate forests that have long growing cycles.
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By reducing deforestation and promoting afforestation, a forest carbon sequestration program as part of a stabilization strategy would have strong impacts on total forestland area in the world, increasing it by 1.1 billion hectares relative to the baseline, or around 0.7 billion hectares above the current area of forests (Table   3 ). The largest share of increased forest area occurs in non-OECD countries. The stabilization scenario has complex results on timber harvests and prices. Initially, timber is withheld from the market in order to provide relatively rapid forest carbon sequestration through aging timber. Global harvests decline 14.5%
relative to the baseline in 2022 as a result. However, over the century, more forests imply a larger supply of timber. By 2092 timber harvests increase by 26%. The changes in specific regions depend heavily on the types of forests (e.g., the growth function), the carbon in typical forests (e.g., biomass expansion factors),
and economic conditions such as prices and costs. In contrast to the area changes, the largest increases in timber harvests (in relative and total terms) occur in OECD countries. OECD countries tend to have many species amenable to producing wood products.
Optimal response of the carbon market
We now focus on the general equilibrium effects of including forestry management as an abatement strategy.
As a comprehensive measure of the influence of biological sequestration on the carbon market, we first examine what happens to the price of carbon when forestry is included into the policy. Figure 3 shows the carbon price for the 550 ppmv policy throughout the century as found in the original version of the WITCH model (iter1), and after it has been coupled with the forestry model (iter11). Forest sinks substantially lower the cost of CO 2 , for example by 40% in 2050.
To corroborate the idea that forestry can alleviate the compliance to the 550 ppmv target, in Figure 4 we show the policy costs with and without forestry. Again, forest sinks are shown to decrease policy costs: in particular, the policy burden is reduced and shifted ahead in the period to 2050, when the main action is via avoided deforestation. After 2070 the policy induced benefits from avoided climate damages outweigh the costs of reducing emissions, and this effect is reinforced when forestry is an available mitigation option. All in all, the world policy cost in net present value decreases from 0.2% without forestry to 0.1% with forestry.
This corresponds to a net present value saving to 2100 of almost $3 Trillion (USD), which is nearly three times the present value cost of adding the forestry program of $1.1 Trillion (USD).
One might wonder what are the distributional effects of including forestry for different regions. Two competing effects are at stake: on one side forestry will benefit developing countries that are rich in tropical forests, given the role of avoided deforestation. On the other hand, the lower price of carbon will benefit countries that buy carbon market permits, and disadvantage sellers. Ultimately, the distributional effects will depend on the emissions allocation scheme adopted in the policy. For example, if one assumes that emissions are allocated based on an equal per capita rule, as we do in this paper, most of the emissions reductions are borne by the developed countries. Lower carbon prices with forestry included in the stabilization policy improve welfare in OECD countries by reducing their costs (from an undiscounted loss of 0.6% without forestry to 0.2% with forestry). On the contrary, NON-OECD countries tend to be carbon permit sellers, and 9 they have lower revenues when forestry is included as an option, although the difference in revenues is fairly small (from an undiscounted gain of 0.38% without forestry to 0.27% with forestry). It is worth noting that a different allowances allocation scheme would have changed the distributional results, though it would not have any impact on the carbon prices as they are determined by the world marginal abatement costs.
Implications for energy abatement and technological change
An issue that has played a political relevance in the decision to keep forestry outside the Kyoto protocol is the danger that the emissions constraint on the energy system might be relaxed too much: the deployment of clean technologies that can reduce emissions permanently might be delayed, and accordingly the investments in innovation that are needed to make new technologies competitive. Given the low turnover of energy capital stock, as well as the lengthy process before commercialization of advanced technologies, this is a justified reason of concern. The energy sector description and the endogenous technological change feature of the WITCH model consents us to check for the variations in energy abatement due to forestry.
In Figure 5 we show the evolution of the world primary energy intensity, an aggregate indicator that summarizes the energy efficiency of the economy. Results are presented for the BAU scenario, and the 550 ppmv policy with and without forestry. As expected, the climate target induces more reductions in energy intensity with respect to the Business as Usual scenario. However, this reduction is more moderate when we include the forestry abatement option: the energy intensity remains close to the BaU in the first 2/3 decades of this century, when avoided deforestation is significantly contributing to abatement, and then approaches the no-forestry path, as the emissions cuts in the energy sector become more predominant. We thus provide evidence of a delay in energy abatement, though limited to the very first part of the century. 
Conclusions
This paper evaluates the potential of forest sequestration within the context of stabilizing future concentrations of atmospheric carbon at 550 ppmv CO 2 , and it assess the feedback of forest sequestration on "traditional" energy abatement options. Although numerous studies have estimated the mitigation contribution of forest sinks, understanding how forest sequestration integrates with other climate change options has received little attention. Contemporaneous determination of carbon prices and sequestration in forests, and on the general equilibrium consequences, is thus a largely unexplored area of research. The current paper is a significant contribution as it provides insights of the effects on including forest management on the optimal carbon market responses, the energy technology evolution and induced technological change -to our knowledge a yet ignored issue.
Results show that forestry is an important abatement option, and that its inclusion into an international policy agreement can have a profound effect on the global costs of a climate policy. In particular, we find that the total costs of the forestry program are $1.1 trillion (USD) and the benefits, in terms of additional gross world product relative to meeting the same carbon constraint without forestry, are $3.0 trillion. Forest sequestration actions in the first half of the century, mainly from avoiding deforestation, could contribute 1/3 of total abatement effort, and could provide additional benefits throughout the entire century. generation is also reduced. Policy makers should consider developing targeted policies to help achieve the technological advancement to hedge against unknown risks, but they can make substantial headway towards achieving climate stabilization now with forest carbon sequestration.
These results provide a first step towards fuller consideration of land based carbon sequestration in energy models. Future work should consider several improvements over this analysis. First, for example, future analysis should more carefully consider competition with agriculture and other land uses.
Sequestration or abatement in the agricultural sector could provide important competing options for meeting stabilization targets, and thus are important to consider as well. Second, the endogenous effects of an increase in global temperature on the capacity of forests to sequester carbon can provide a more complete assessment of the problem. Third, biomass energy provides an additional competing land use that could have implications for these results. Tables   2   Table 1 
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